This paper describes the design, construction and performance of a 5 kVA aviation power module containing silicon carbide MOSFETs. The function and control of this module within a commercial aviation power electrical control unit (ECU) application is explained and the power dissipation benefits from the use of these MOSFETs instead of silicon IGBTs when driving an electrical motor controlling an aileron are presented. The paper shows the calculated reliability figures for the power module in this application and an application-specific reliability test to verify 150,000 flight hours of module operation is introduced. Performance test results from a prototype unit are also presented.
Introduction
Wide bandgap semiconductor materials, such as silicon carbide (SiC), have properties which offer significant advantages over silicon (Si) in power converter applications. They offer improved power density, lower losses and operation at higher junction temperatures [1] , [2] , [3] , [4] , [5] . In applications such as commercial aviation, where size and weight are influencing factors, the emergence of SiC MOSFETs as alternatives to Si IGBTs has been extremely beneficial [6] , [7] , [8] , [9] as power electronics become more essential in the More Electric Aircraft (MEA) development [10] . This paper presents the performance gains which can be achieved using SiC MOSFETs instead of the more traditional Si IGBTs in a 5 kVA Power Core Module (PCM) designed specifically for motor drive applications such as primary flight control actuator systems, landing gear and braking systems in a more electric aircraft. The power module described herein uses 1200V semiconductor devices with a 540V DC bus which is being introduced in these newer generation aircraft.
Before any emerging technology is widely adopted in critical applications, its reliability and long-term performance must be proven. Mean Time Between Failure (MTBF) and Failure-in-Time (FIT) values are calculated for the power module containing SiC MOSFETs and an accelerated reliability test to verify long-term operation is described. In this paper, the power module design for an actuation system is presented and measured values from a prototype unit are used to validate the performance of the SiC MOSFET design in the intended application. Device mission models are described and the reliability calculations using the FIDES method [11] are presented. An accelerated reliability test to verify long-term performance is explained.
Power Electrical Control Unit System
The 5 kVA PCM is an element of the Power Electrical Control Unit (ECU) or Power Drive Electronics (PDE) as shown in Fig. 1 [12] . The ECU also includes functionality for motor control, system health monitoring, filtering and protection.
Fig. 1: Aviation Intelligent Power Electrical Control System
Using the aircraft data bus, the flight control computer sends the actuator commands to the control module which then issues motor control instructions to the PCM. The control module executes motor and control loop algorithms, which are described further later in this paper. The actuator performance is characterised from feedback signals to the monitoring module. The three modules communicate via a high-speed data bus.
Power Core Module
The printed circuit board (PCB) assembly visible in Fig. 2 comprises of a 6-layer PCB with local power supplies for the logic, signal conditioning circuitry for processing telemetry data and a military grade Microsemi A3P250 ProAsic3 FPGA [13] supporting communications, control and signal processing. This PCB, labelled the 'PCM controller' board interfaces with a 'driver' PCB though a board-to-board connector.
The gate drivers and associated circuitry are assembled on the driver board assembly. This PCB is an eight-layer design with double-sided component placement to minimise size and is connected to a substrate assembly through thermal, signal and power pins. The SiC MOSFETs [14] , together with SiC anti-parallel diodes [15] and gate drive resistors are placed on this substrate which is soldered to an AlSiC base. This substrate assembly was produced by the Microsemi group in Bordeaux, France, using processes and construction materials currently used in production.
A Power Core Module is shown in Fig. 2 while the substrate assembly and construction are illustrated in Fig. 3 and Fig. 4 respectively. 
Mission Modelling
MathWork's MATLAB-Simulink software was used to create a simplified model, as shown in Fig. 7 and Fig 8, capable of translating flight characteristics into electrical and mechanical requirements for the actuation system. The actuator position command, from the flight controller, is the input to the model. The model contains three loops controlling the motor current, motor speed and actuator position, represented by the 'ki', 'komega' and 'kx' feedback elements respectively in Fig 8. The output of 'Saturation1' represents the output current from the module to the DC equivalent motor while the 'Transfer Fcn' represents the inductance and resistance of the motor. The motor speed loop controls the stabilisation of the actuator and includes factors representing torque and inertia. The motor speed and actuator position loops were simulated to derive the output current requirements for the application. The Iq values, which represent the equivalent output current from the motor to the actuator for the defined flight phases are plotted in Fig. 9 . The polarity of the current represents the sign of the hinge moment with the value representing the aerodynamic effort during the flight. The hinge moment is effectively the force that must be overcome to deflect a control surface around the hinge line. This moment is primarily a function of the aerodynamic pressure difference between the upper and lower surfaces [17] . Fig. 10 [18] below illustrates the deflection angles in an aileron geometry, represented by Aup and Adown. A typical figure for the maximum deflection is 30 degrees [18] . The values of the corresponding maximum currents are calculated using Equation (1) (1) Using the mission model, the power losses at three different temperatures, scaled by the output current, in the substrate assembly are shown in Table I , while it is assumed the losses for the PCB assemblies remain constant and have been calculated at 4.63W for the driver and 2.81W for the PCM controller assemblies. The mission model was then used to calculate the junction temperatures of each component for the reliability analysis.
Power dissipation comparison of SiC MOSFETS and Si IGBTs
Using the criteria that the subsystems are located in an appropriately-sized enclosure which has two cooling surfaces, MATLAB software was also used to convert the actuation system's electrical and mechanical requirements obtained from the Simulink model into resultant skin temperatures. A review of the steady-state solution shows that even the moderate increase in power dissipation levels for the IGBT configuration result in skin temperatures approximately 40 ºC higher than those for a SiC 3-phase bridge. Fig. 11 displays how the time dependent power dissipations and the constant power level compare for the two solutions over a typical flight. 
Reliability Calculations using Aircraft Life Cycles
There are various standards and methods for predicting the reliability of equipment which establish a common basis for comparing and evaluating reliability predictions of related or competitive designs.
The FIDES methodology is an approach which is based on physics of failures and is supported by analyses of test data, feedback from operations and existing models. It is thus distinguished from other methods developed mainly from statistical interpretation of feedback from operations. In addition to taking electrical, mechanical and thermal over-stresses into consideration, the FIDES method also precisely takes account of the life profile. It is based on the consideration of three components, namely technology, process and use. The FIDES approach has been reported as a valid and useful tool [19] and though largely applied to aviation reliability calculations, it has also been used in other applications such as photovoltaic systems [20] . The FIDES method is used for the calculations presented herein.
A typical mission profile of a commercial aircraft is composed of a number of different operating modes or 'phases' such as ground operating, taxiing, take-off, cruising, landing and ground nonoperating or off mode. Depending on the aircraft type and mission, the duration of each phase can vary significantly. The phase details used in the calculations presented in this paper are shown in Table II . The total calendar hours used in these examples is 8,760, representing a non-leap year. The T values are the maximum ambient temperature variation for the corresponding phase. Combining the calculated component temperature variation per phase from the mission model information displayed in Fig. 9 with the phase delta temperatures in Table II , the FIT and MTBF values were calculated. These are shown in Table III . The MTBF is presented in Flight Hours. The scaling factor is defined in Equation (2).
The total MTBF figure for the entire system in a non-pressurised environment is 326,020 flight hours which exceeds the 150,000 requirement. The effect of each component type on the overall FIT is displayed in Fig. 12 . The effects from each phase on the MTBF results when the PCM controller board is placed in a nonpressurised area are displayed in Fig. 13 . As shown, the primary contribution is when the aircraft is climbing and descending. Also, Fig. 14 illustrates that the primary stress on the board is from thermal effects. This is consistent in both pressurised and non-pressurised surroundings. The results and conclusions are similar for the other PCM sub-systems. 
Accelerated Mission Life-Test
An accelerated test has been devised to determine the long-term reliability of the system. Accelerated lifetime testing is well-established terminology which refers to accelerating the rate at which physical processes are activated by increasing the operating temperature. However, this test does not modify temperature, but instead is a combined higher frequency/time dense mission profile. Using a test chamber with pressure and temperature variation, different flight phases are simulated. The pressure varies between a sea-level value of 1 bar and 0.145 bar which represents an altitude of 45,000 feet while the temperature changes from +40°C to -55°C. The tests are run over short phase durations rather that those presented in Fig. 9 or Table 2 . Two cycles of this profile are shown in Fig. 15 . 
Conclusion
This paper presents a power module designed for motor control in a More Electric Aircraft architecture. The function of this PCM in an electrical control unit system and details of the construction are presented. Test results verify the module operation. Simulation results of the module in a real-life aircraft during realistic missions display a notable improvement in power dissipation when SiC MOSFETs are used in place of Si IGBTs for the motor driver circuitry. The improved power density and efficiency can be used to increase switching frequency and reduce weight, which may result in even more benefit in terms of total airplane consumption. A preliminary theoretical analysis of the module reliability has been performed which confirms that the maximum reliability stress on the module is during the climbing and descending phases. Finally, a test devised to verify continued module operation for 150,000 flight hours has also been presented.
